We have previously demonstrated that phagocytosed Borrelia burgdorferi induces activation programs in human peripheral blood mononuclear cells that differ qualitatively and quantitatively from those evoked by equivalent lipoprotein-rich lysates. Here we report that ingested B. burgdorferi induces significantly greater transcription of proinflammatory cytokine genes than do lysates and that live B. burgdorferi, but not B. burgdorferi lysate, is avidly internalized by monocytes, where the bacteria are completely degraded within phagolysosomes. In the course of these experiments, we discovered that live B. burgdorferi also induced a dose-dependent decrease in monocytes but not a decrease in dendritic cells or T cells and that the monocyte population displayed morphological and biochemical hallmarks of apoptosis. Particularly noteworthy was the finding that apoptotic changes occurred predominantly in monocytes that had internalized spirochetes. Abrogation of phagocytosis with cytochalasin D prevented the death response. Heat-killed B. burgdorferi, which was internalized as well as live organisms, induced a similar degree of apoptosis of monocytes but markedly less cytokine production. Surprisingly, opsonophagocytosis of Treponema pallidum did not elicit a discernible cell death response. Our combined results demonstrate that B. burgdorferi confined to phagolysosomes is a potent inducer of cytosolic signals that result in (i) production of NF-B-dependent cytokines, (ii) assembly of the inflammasome and activation of caspase-1, and (iii) induction of programmed cell death. We propose that inflammation and apoptosis represent mutually reinforcing components of the immunologic arsenal that the host mobilizes to defend itself against infection with Lyme disease spirochetes.
Lyme disease (LD), the most prevalent arthropod-borne disease in the United States, is an infectious disorder caused by the tick-transmitted spirochetal pathogen Borrelia burgdorferi (108, 109) . LD is usually heralded by erythema migrans, an expanding annular rash which develops in the majority of patients following the inoculation of spirochetes into skin by feeding ticks (90, 108) . Dissemination of spirochetes from the site of inoculation may give rise to clinical manifestations typically involving the skin, joints, peripheral and central nervous systems, or heart (108) . Constitutional symptoms frequently accompany infection, even in patients with ostensibly localized disease (90, 108) , and may persist for variable periods despite adequate treatment (11, 69) . In a small percentage of individuals, joint involvement may progress to a chronic or recurrent oligoarthritis that is refractory to antimicrobial therapy (110, 111) .
Genomic sequencing has revealed that B. burgdorferi lacks orthologs of known exotoxins, as well as the specialized machinery required for the delivery of noxious molecules into host cells (26, 46) . Consequently, it is now widely believed that spirochete constituents trigger local and systemic immune processes that damage tissues but also promote bacterial clearance and limit dissemination (110, 124) . Consistent with this notion is the impressive capacity of B. burgdorferi to elicit the production of diverse inflammatory mediators in vitro (14, 29, 34, 49, 58) . There also is an extensive body of evidence implicating this bacterium's abundant lipid-modified proteins, which signal via CD14 and/or Toll-like receptor 2 (TLR2)/TLR1 heterodimers (3, 7, 9, 18, 50, 60, 100, 105, 106, 123) , as major proinflammatory agonists during infection. Recognition that the host needs to protect itself against uncontrolled inflammation has spawned interest in how LD spirochetes might down-modulate inflammatory processes; such studies have focused mainly on the ability of spirochetes and spirochetal products to induce the production of the anti-inflammatory cytokine interleukin-10 (IL-10) (19, 36, 42) . Investigations of innate responses to bacterial pathogens have relied heavily upon the use of monocytic or transformed nonmyeloid cell lines in conjunction with isolated or synthetic microbial molecular patterns (3) . Despite their unquestioned utility for dissecting innate signaling pathways, such approaches are likely to yield an incomplete picture of how structurally complex, live bacteria are recognized by the innate immune system. Recently, we described an ex vivo system in which freshly isolated peripheral blood mononuclear cells (PBMCs) are used to examine the interactions of pathogenic spirochetes with the immune cells that B. burgdorferi is likely to encounter during the early dissemination phase of human LD (88) . With this model, we found that phagocytosed B. burgdorferi initiated activation programs in monocytes and dendritic cells (DCs) that differed qualitatively and quantitatively from those evoked by equivalent lipoprotein-rich lysates. The markedly enhanced secretion of IL-1␤ by monocytes incubated with live spirochetes was particularly significant because it indicated that phagocytosed B. burgdorferi has the capacity to generate a cytosolic signal for the assembly of the inflammasome, a multiprotein complex which cleaves procaspase-1 to the active enzyme; activated caspase-1 is an absolute prerequisite for the processing and secretion of IL-1␤ (80, 84) . In contrast to B. burgdorferi, intracellular pathogens generate the cytosolic danger signal for activation of caspase-1 by escaping from the phagosome or by secreting molecules that interact with pathogen sensors in the cytosol (3, 80, 84) .
In the present study, we demonstrated that phagocytosis of live B. burgdorferi not only results in an enhanced inflammatory response but also induces apoptosis in monocytes. Surprisingly, in light of reports describing the proapoptotic properties of bacterial lipoproteins (8, 9, 10, 62, 78), we did not observe a cell death response in PBMCs incubated with equivalent spirochetal lysates. Two findings indicated that the inflammatory and death responses elicited by phagocytosed LD spirochetes involve distinct signaling pathways: (i) maximal production of cytokines required internalization of viable B. burgdorferi, whereas heat-killed and live spirochetes were comparably efficient at promoting cell death; and (ii) opsonophagocytosis of the syphilis spirochete, Treponema pallidum, which is highly stimulatory under the same conditions (88), failed to trigger monocyte cell death. Collectively, our results further underscored the ability of LD spirochetes within phagolysosomes to induce cytosolic signals that differ from those generated when spirochetal constituents engage cell surface pattern recognition receptors. They also led us to propose that inflammation and apoptosis represent mutually reinforcing components of the immunologic arsenal that the host mobilizes to defend itself against infection with LD spirochetes.
MATERIALS AND METHODS
Human subjects. The University of Connecticut Health Center (UCHC) Institutional Review Board approved all protocols used in this study. Healthy volunteers with no history of syphilis or LD were recruited by the General Clinical Research Center at UCHC. After written informed consent was obtained, blood was collected by venipuncture. Volunteers were confirmed to be seronegative for LD or syphilis by serological tests conducted in the UCHC clinical laboratory.
Bacteria and bacterial preparations. Low-passage B. burgdorferi 297 and Bb-GFP, a virulent B. burgdorferi 297 clone transformed with a pCE320 derivative harboring a transcriptional fusion of the green fluorescent protein (GFP) gene (gfp) and the constitutive flaB promoter (gfp-P flaB ) (39, 40) , were propagated in Barbour-Stoenner-Kelly medium containing 6% rabbit serum (Sigma, St. Louis, MO) and 400 g/ml kanamycin sulfate. Spirochetes initially were grown at 23°C and then were shifted to 37°C; they then were harvested at mid-to late logarithmic phase (4 ϫ 10 7 to 8 ϫ 10 7 cells/ml) by centrifugation at 8,000 ϫ g, washed twice in CMRL (Gibco Invitrogen, Carlsbad, CA), and resuspended in RPMI 1640 (Gibco). Lysates were prepared by sonicating live organisms for 30 s using three separate 10-s bursts with a 550-Sonic Dismembrator (Fisher Scientific, Waltham, MA). Live spirochetes were heat killed by immersion in a 48°C water bath for 30 min. The efficacy of heat killing was 99.97% Ϯ 0.02%, as confirmed by plating on Barbour-Stoenner-Kelly solid medium culture plates (102) in three independent experiments. Flow cytometry with live and heat-killed GFP-expressing B. burgdorferi was performed using the cell-permeant red fluorescent nucleic acid stain SYTO59 (Molecular Probes Invitrogen) as described previously (39, 40) . The equivalence of live, lysed, and heat-killed samples was confirmed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and silver staining. T. pallidum subsp. pallidum (Nichols strain) was propagated by intratesticular inoculation of adult New Zealand White rabbits as described previously (59) in strict accordance with protocols approved by the UCHC Animal Care Committee. Treponemes were extracted from rabbit testes in CMRL, pelleted once by centrifugation at 14,000 ϫ g, resuspended in RPMI 1640, and enumerated by dark-field microscopy using a Petroff-Hausser counting chamber (Hausser Scientific).
PBMC isolation and stimulation. PBMCs were isolated from EDTA-treated blood on Ficoll-Hypaque (Amersham Biosciences, Piscataway, NJ) gradients. The isolated cells were washed three times in Hanks' balanced salt solution, counted with a hemocytometer, and resuspended to a density of 1 ϫ 10 6 cells/ml in RPMI 1640 containing 10% heat-inactivated fetal bovine serum. One-milliliter portions then were plated in 24-well culture plates either without an agonist, with Fluoresbrite carboxylated polystyrene microspheres (Polysciences, Inc., Warrington, PA), or with live, lysed, or, in some experiments, heat-killed spirochetes and incubated for designated time periods at 37°C in a humidified atmosphere consisting of 5% CO 2 and air. To inhibit phagocytosis, cell suspensions were preincubated for 1 h without or with 10 g/ml cytochalasin D (Sigma) prior to the addition of spirochetes and an additional 8 h of incubation. PBMCs were stimulated with live T. pallidum in the presence or absence of 10% heat-inactivated (56°C for 30 min) human syphilitic serum pooled from five human immunodeficiency virus-seronegative donors (99) . In some experiments, spirochetes remaining in culture supernatants at the conclusion of the 8-h incubation period were enumerated by dark-field microscopy. Lipopolysaccharide levels in culture media and reagents were determined by the Limulus assay (Cambrex, Walkersville, MD) to be Ͻ10 pg/ml.
qRT-PCR analysis of cytokine gene expression. PBMCs were incubated for 4 h without an agonist, with live or lysed spirochetes at a multiplicity of infection (MOI) of 10, or with 1 m Fluoresbrite carboxylated polystyrene microspheres (Polysciences, Inc., Warrington, PA) at a bead-to-cell ratio of 10. At the conclusion of the incubation period, RNA was isolated from cell pellets using Trizol according to the instructions of the manufacturer (Invitrogen). Each RNA sample was evaluated qualitatively and quantitatively using a 2100 Bioanalyzer (Agilent, Santa Clara, CA). First-strand cDNA synthesis reactions were performed using a high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA) with 100-l reaction mixtures containing 100 ng total RNA, Moloney murine leukemia virus reverse transcriptase, and random hexamers according to the manufacturer's instructions. PCR amplification of cDNAs (2.5-l portions) was performed using 25-l reaction mixtures containing 1ϫ TaqMan Amplitaq Gold universal master mixture (Applied Biosystems) and commercially available primer-probe sets (Applied Biosystems) for tumor necrosis factor alpha (TNF-␣) (⌯s99999043_m1), IL-1␤ (HS00174097_m1), IL-6 (Hs00174131_m1), and gamma interferon (IFN-␥) (Hs00174143_m1). Internal standard curves for each gene were generated using equal volumes of reverse-transcribed quantitative PCR human reference total RNA (Clontech, Mountain View, CA) diluted to obtain concentrations ranging from 125 to 0.0125 ng/l. Quantitative real-time PCR (qRT-PCR) gene expression assays for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were performed using identical aliquots of each cDNA as normalization controls. All amplification reactions were performed in triplicate; control reactions without reverse transcriptase also were performed to confirm the absence of contaminating DNA. Amplification reactions were performed with a 7900 HT Fast real-time PCR system (Applied Biosystems) using the following conditions: 50°C for 2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min. Cycle threshold values for each gene were determined from the linear region of the corresponding amplification plots using software supplied by the manufacturer (Applied Biosystems). Expression levels of TNF-␣, IL-6, IL-1␤, and IFN-␥ in each sample, normalized to the GAPDH level, were calculated based on the internal standard curves and were plotted as mean fold increases Ϯ standard errors of the means relative to normalized transcript values for the unstimulated samples.
Flow cytometric assessment of FSC/SSC changes in PBMCs and internalization of Bb-GFP by monocytes. PBMCs were incubated with spirochetes for 8 h and then harvested by centrifugation for 5 min at 500 ϫ g, washed once in fluorescence-activated cell sorting buffer (phosphate-buffered saline, 0.1% bovine serum albumin, 0.05% sodium azide), and incubated with 10 g of purified human immunoglobulin G (Sigma) to block Fc receptors prior to staining with specific monoclonal antibody conjugates. Monocytes were identified by staining VOL. 76, 2008 B. BURGDORFERI MONOCYTE ACTIVATION AND APOPTOSIS 57
with anti-CD14 conjugated with phycoerythrin (eBioscience, San Diego, CA). DCs were identified as lineage Ϫ /HLA-DR ϩ cells after staining with a fluorescein isothiocyanate-labeled lineage cocktail (BD Biosciences, San Jose, CA) and anti-HLA-DR conjugated with peridinin chlorophyll protein (BD Biosciences). T cells were identified using anti-CD3-fluorescein isothiocyanate (BD Biosciences). To assess phagocytosis of B. burgdorferi, lymphocytes and debris were gated out of the total cell population on the basis of forward scatter (FSC)/side scatter (SSC) properties, and the GFP fluorescence (FL1 channel) of the remaining CD14
ϩ cells was determined. Flow cytometry was performed with a FACSCalibur dual-laser flow cytometer (BD Biosciences); 250,000 events were collected and analyzed using WinMDI v2.8 software (http://facs.scripps.edu /software.html).
TUNEL assays. PBMCs were incubated for 4 h with live, lysed, or heat-killed B. burgdorferi at MOIs ranging from 1 to 100, with microspheres at bead-to-cell ratios of 10, or with 1 M staurosporine (Sigma). The cells then were washed, resuspended in 1% paraformaldehyde, placed on ice for 30 min, washed twice in phosphate-buffered saline, and resuspended in 70% ethanol. Terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) reactions and staining with anti-bromodeoxyuridine triphosphate (BrdUTP) were performed using an Apo-BrdU-Red in situ DNA fragmentation assay kit according to the instructions of the manufacturer (BioVision, Mountain View, CA). For flow cytometry, 50,000 events were acquired using the double-discrimination mode for FL3 to facilitate the gating out of events containing more than 2 N of DNA (i.e., aggregated cells). Bromodeoxyuridine positivity in monocytes and lymphocytes was assessed based on FSC/SSC properties after gating out of debris. For each cell type, the percentage of BrdUTP-positive cells was defined as the fraction of cells with increased fluorescence compared to the corresponding population of uninfected controls.
DAPI staining. PBMCs were incubated for 6 h with Bb-GFP at an MOI of 10 or 100 or with 1 M staurosporine and subsequently harvested and fixed in 1% paraformaldehyde for 20 min. In some cases, 50 nM LysoTracker Red was added to the cultures. DNA staining was performed by adding 5 g/ml of 4Ј,6-diamidino-2-phenylindole (DAPI) (Invitrogen) for 10 min. After two washes in phosphate-buffered saline, cells were mounted on slides and examined by phasecontrast microscopy with a Nikon Eclipse E600 microscope or an Olympus Bx60 mercury arc lamp fluorescence microscope, both with oil immersion (magnification, ϫ1,000). Image overlays were obtained with ImageJ v1.36b (http://rsb.info .nih.gov/ij/).
Measurement of cytokine levels. Levels of TNF-␣, IL-1␤, and IFN-␥ in 8-h culture supernatants were measured using a human inflammatory cytokine bead array kit according to the protocol of the manufacturer (BD Biosciences). Intracellular staining for IFN-␥ production by NK cells was performed as described previously (88) .
Statistical analysis. Statistical analysis was performed using standard spreadsheet software (Excel; Microsoft, Inc., Redmond, WA) and GraphPad Prism 4.0 (GraphPad Software, San Diego, CA). Fold increases in cytokine transcript levels were compared using a single-tailed paired Student t test. All other comparisons were carried out using two-tailed Student's t tests. For each experiment, both the standard deviation and the standard error of the mean were calculated. P values of Յ0.05 were considered significant.
RESULTS
Phagocytosis of live B. burgdorferi induces enhanced transcription of proinflammatory cytokine genes. Previously, we used freshly isolated human PBMCs to investigate the interactions between innate immune cells and LD spirochetes (88) . We found that in this ex vivo system, live B. burgdorferi elicited greater secretion of proinflammatory cytokines from monocytes than the corresponding lysates elicited and that this enhanced response was phagocytosis dependent. Because TLR-derived signals can promote cytokine secretion by posttranscriptional as well as transcriptional mechanisms (89, 113) , at the outset we sought evidence that phagocytosis-triggered signals act at the transcriptional level. To this end, we used qRT-PCR to measure cytokine gene transcripts in PBMCs incubated with no bacteria or with live or lysed B. burgdorferi at a relatively low MOI (MOI, 10) or with polystyrene beads. Figure 1A shows GAPDH-normalized values relative to the values for suspensions incubated without bacteria. Live B. burgdorferi induced significantly greater amounts of transcripts for TNF-␣, IL-6, and pro-IL-1␤ than lysates induced, while polystyrene beads had no effect. Whereas the difference between the pro-IL-1␤ transcript levels in PBMCs stimulated with live or lysed B. burgdorferi was approximately 2-fold, there was a nearly 40-fold difference in cytokine secretion induced by these agonists at the same MOI (see Fig. 7 ). Thus, in addition to inducing enhanced NF-B-dependent cytokine gene transcription, phagocytosed spirochetes deliver a potent signal for activation of caspase-1, the cytosolic cysteine proteinase required for secretion of biologically active IL-1␤ (80, 84 ). Another noteworthy discovery made with our ex vivo model is that internalization of live B. burgdorferi by DCs induced the production of IFN-␥ from innate lymphocytes, principally NK cells (88) . In accord with this result, we found that transcription of IFN-␥ was strongly induced exclusively by live B. burgdorferi (Fig. 1A) . We also determined by flow cytometry that monocytes internalized much greater amounts of live spirochetes than lysed spirochetes (Fig. 1B) ; in these experiments, it is possible that diffusion of GFP from lysates resulted in an underestimate of the degree of internalization. Moreover, SDS-PAGE confirmed that live and lysed samples were equivalent with respect to protein content (Fig. 1B, inset) . The latter results support the contention that lipoproteins in lysed B. burgdorferi interact predominantly with pattern recognition receptors on the surface of phagocytic cells and that enhanced stimulation by live B. burgdorferi reflects signaling events induced by internalization of the microbe.
Phagocytosis of live B. burgdorferi, but not phagocytosis of lysed B. burgdorferi, induces a programmed cell death response in monocytes. During the course of our experiments, we made an unexpected observation: not only did live B. burgdorferi induce much greater activation of monocytes than did lysed spirochetes, it also resulted in what appeared to be a reproducible and dose-dependent diminution in the number of monocytes remaining at the conclusion of an 8-h incubation 
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B. BURGDORFERI MONOCYTE ACTIVATION AND APOPTOSIS 59 period ( Fig. 2A) . As surface expression of CD14 on monocytes has been reported to diminish following incubation with lipopolysaccharide and whole bacteria (28, 73, 77) , we considered the possibility that the ostensible decrease in monocyte numbers was due to down-regulation of this surface marker. While we did, in fact, detect mean fluorescence intensity decreases of approximately 20 and 40% in monocytes incubated with live organisms at MOIs of 10 and 100, respectively (data not shown), these modest changes did not impede our ability to identify monocytes within the PBMCs, even at the highest MOI employed (Fig. 1B) . Two additional findings confirmed that an actual decrease in monocyte numbers occurred in the Second, in PBMCs incubated with live spirochetes, but not in PBMCs incubated with lysates, we observed the de novo appearance of a population of CD14 ϩ cells which were clearly smaller than either the monocytes in the unstimulated PBMC suspensions or the "normal-sized" monocytes remaining at the conclusion of the incubation period (Fig. 2B) . It was noteworthy that we did not observe parallel decreases in either the size or numbers of T cells and DCs in PBMCs containing viable organisms (Fig. 2B) .
The flow cytometric changes observed in monocytes incubated with live B. burgdorferi are characteristic of apoptosis or programmed cell death (75, 120) . We next performed TUNEL assays to determine if B. burgdorferi induced DNA fragmentation in monocytes, another hallmark of apoptosis (45, 120) . As shown in Fig. 3A , we found statistically significant dose-dependent incorporation of BrdUTP in monocytes stimulated for 4 h with live B. burgdorferi, but not in monocytes stimulated for 4 h with lysed B. burgdorferi, at MOIs of 10 and 100 (Fig. 3A) . In contrast, TUNEL positivity was not observed in lymphocytes incubated with viable spirochetes at any MOI (Fig. 3A) , consistent with the absence of flow cytometric changes observed in this population (Fig. 2B) . Whereas induction of cell death by B. burgdorferi was restricted to monocytes, the protein kinase C inhibitor staurosporine, a well-characterized proapoptotic compound (43, 53) , caused DNA disruption in both monocytes and lymphocytes (Fig. 3A) . We next used Bb-GFP to deter- Other canonical features of apoptosis were sought by light microscopy. Using phase-contrast microscopy, blebs were readily observed on the surfaces of cells stimulated with live B. burgdorferi or staurosporine (Fig. 4A) . Fluorescence microscopy of PBMCs stained with the nucleic acid dye DAPI revealed nuclear condensation and fragmentation in cells that were incubated with live Bb-GFP (Fig. 4A) . The correlation between cells displaying nuclear disruption and internalization of Bb-GFP was clearly evident (Fig. 4A and B) . Also noteworthy was the finding that the internalized spirochetes were completely degraded to amorphous fluorescent material which, based on costaining with LysoTracker Red, appeared to be confined to phagocytic vesicles (Fig. 4C) . Previously, we showed that preincubation of PBMCs with cytochalasin D (10 g/ml) blocked phagocytosis of spirochetes and markedly diminished proinflammatory cytokine production (88) . As shown in Fig. 5 , blockage of phagocytosis with cytochalasin D virtually eliminated the loss of monocytes in PBMCs incubated with live B. burgdorferi, thereby providing further evidence for a causal relationship between these two phenomena.
Phagocytosis of heat-killed B. burgdorferi induces programmed cell death but diminished cytokine output. We next asked whether internalized spirochetes must be viable in order to induce cell death and/or cell activation. Unlike the outer membranes of gram-negative bacteria, the outer membranes of B. burgdorferi are fragile and easily damaged during physical manipulations (22, 31) . To perform these experiments, therefore, it was first necessary to develop a method for generating nonviable but structurally intact organisms that would retain GFP expression and be phagocytosed at levels comparable to those of live Bb-GFP. The protocol that we developed (see Materials and Methods) killed more than 99.9% of the organisms (data not shown), yet it preserved gross spirochetal morphology (Fig. 6A) and polypeptide composition as determined by SDS-PAGE (data not shown). Furthermore, as determined by both light microscopy and flow cytometry, heat-killed spirochetes retained a high level of fluorescence (Fig. 6A ). Subsequent examination by flow cytometry (Fig. 6B and 6C ) and light microscopy (not shown) revealed that heat-killed B. burgdorferi was internalized by monocytes as well as live spirochetes, strongly suggesting that the heat-killing procedure did not damage spirochetal surface structures critical for monocyte binding and uptake. Heat-killed B. burgdorferi also induced FSC/SSC changes in monocytes indicative of cell shrinkage (Fig. 6C) , dose-dependent decreases in monocyte numbers (Fig. 6D) , and DNA fragmentation as determined by the TUNEL assay (Fig. 6E ) comparable to the changes induced by viable B. burgdorferi. As it did with live B. burgdorferi, TUNEL assay positivity showed a strong correlation with internalization of heat-killed B. burgdorferi (Fig. 6E) . In contrast, live and heat-killed organisms demonstrated substantially different capacities for activation of monocytes and DCs. Heat-killed B. burgdorferi induced significantly less TNF-␣ and IL-1␤ secretion than live B. burgdorferi induced (Fig. 7) , while IFN-␥ production in response to heat-killed B. burgdorferi was not detectable by an assay of culture supernatants (data not shown). Use of the more sensitive intracellular cytokine staining technique (88) revealed that heat-killed B. burgdorferi did induce production of some IFN-␥ by NK cells, although the amount was clearly less than the amount induced by live Bb-GFP (Fig. 7) . Ospsonized T. pallidum does not induce a death response in monocytes. T. pallidum is poorly internalized in the absence of opsonizing antibody (72, 95) . Recently, we showed that human secondary syphilitic serum promoted opsonophagocytosis of T. pallidum by monocytes and that uptake of opsonized treponemes induced levels of monocyte activation and inflammatory cytokine production comparable to the levels elicited by live B. burgdorferi (88) . Thus, it was of interest to determine if opsonized T. pallidum elicited a comparable programmed cell death response. Unexpectedly, opsonized T. pallidum induced neither a significant loss of monocytes from PBMCs (Fig. 8A) nor changes in the FSC/SSC profiles (Fig. 8B) . To rule out the possibility that the dichotomy in the death responses induced by the two spirochetes was due to less proficient uptake of T. pallidum, we assessed internalization efficiencies by enumerating residual spirochetes in culture supernatants following 8-h incubation periods. As shown in Fig. 8C , PBMCs ingested similar percentages of B. burgdorferi and opsonized T. pallidum at equivalent MOIs. The dramatic effect of human syphilitic serum on internalization of T. pallidum was evident from the finding that the levels of unopsonized T. pallidum recovered were very similar to the input levels (Fig. 8C ).
DISCUSSION
Investigations with individual pathogen-associated molecular patterns (PAMPs) and transfected cell lines have promoted the viewpoint that recognition of extracellular bacteria occurs mainly via the interaction of cell wall constituents with TLRs on the surface of innate immune cells (3, 25) . Recent studies with mammalian systems have revealed the existence of a cytosolic pathogen surveillance network comprised of a superfamily of Nod-like receptors (80, 84) . Based on experiments utilizing vacuole-restricted mutants of intracellular pathogens, investigators often have surmised that confinement of extracellular bacteria to phagosomal compartments segregates them from cytosolic sensors (48, 81, 85) . Work in our laboratory using human PBMCs incubated with live spirochetes has indicated that both of the above-described ideas regarding innate immune recognition of extracellular bacteria are overly simplistic and that cytosolic signals induced by phagocytosed B. burgdorferi induce programmed cell death as well as cellular activation.
Since the first report of macrophage apoptosis following infection with Shigella flexneri in 1992 (127), the ability of parasites to alter the balance between pro-and antiapoptotic signals in phagocytes has generated considerable interest (35, 47) . Using microarrays, Kobayashi et al. (70) (62) subsequently reported that the TLR2-mediated inflammatory and cell death responses to bacterial lipoproteins bifurcate at the level of myeloid differentiation factor 88, with the former proceeding through NF-B and the latter engaging the extrinsic apoptotic pathway components Fas-associated death domain protein and caspase 8. In contrast, studies with murine macrophages have failed to confirm that TLR2 signaling is intrinsically apoptogenic (55) (56) (57) 98) . Similarly, in our PBMC system, B. burgdorferi lysates, which are highly enriched for lipoproteins and potent TLR2 agonists (122) , were unable to induce apoptosis in normal human monocytes, even at extremely high MOIs. The inability of phagocytosed T. pallidum to induce apoptosis also argues against the notion that lipoproteins are intrinsically proapoptotic for human mononuclear phagocytes.
Stuart and Ezekowitz (114) coined the term "phagocytic synapse" to denote the array of surface receptors that are believed to act cooperatively during phagocytosis to bind a bacterium, trigger internalization, and initiate signaling cascades that determine the fates of both the bacterium and the engulfing cell. Our finding that cytochalasin D dramatically diminished cellular responsiveness (88) and apoptosis indicates that the enhanced recognition of live B. burgdorferi associated with phagocytosis cannot simply be the result of the combinatorial input from multiple receptors on the nascent phagosome but rather must reflect signaling events that occur after the ingestion of the bacterium. Phagosomes undergo extensive remodeling of lipid and protein components as they attain functional maturity (21, 37, 107, 114, 118) . As maturation proceeds, the phagosome likely gains the ability to recognize microbial patterns and/or becomes an increasingly efficient platform for signal generation and assembly of novel signaling complexes. When we used LysoTracker Red for intracellular localization of spirochetes taken up by monocytes in PBMCs, we saw mainly degraded organisms within phagolysosomes. Using a combination of light and transmission electron microscopy, Montgomery and Malawista (87) found that spirochetes were swiftly degraded following uptake by murine macrophages. The liberation of B. burgdorferi constituents as fragments that can be accommodated within the binding sites of their cognate pattern recognition receptors is likely critical for the phagocytosed spirochete's potency as an initiator of innate cellular responses. The ex vivo system utilized here illustrates the complexity of signaling events that underlie recognition of live bacteria, as well as the difficulties in relating these pathways to individual microbial patterns. We found that phagocytosis of spirochetes enhances or generates de novo three signaling cascades. The first signaling cascade leads to the production of NF-B-dependent cytokines and, presumably, is TLR mediated. Several years ago, Aderem and colleagues (93, 119) showed that TLR2 and its cooperative pairing partners TLR1 and TLR6 are recruited to the phagosome in transfected RAW 264.7 cells following ingestion of zymosan particles; recruitment of TLR2 to phagosomes in untransfected RAW cells subsequently was demonstrated by Nilsen et al. (92) . The method that we devised for gently heat killing B. burgdorferi enabled us to deliver to phagosomes a cargo of spirochetal proteins, including lipoproteins, equivalent to that introduced with live organisms. Despite being efficiently phagocytosed, heat-killed B. burgdorferi elicited significantly diminished production of TNF-␣, IL-6, and IL-1␤ by monocytes compared to viable spirochetes. The much diminished production of IFN-␥ by bystander NK cells indicated that the presence of heat-killed B. burgdorferi also resulted in diminished activation of DCs (88) . Our results, therefore, point to the existence of one or more nonlipoprotein PAMPs which signal from within the vacuole. A similar deduction was made for the murine system by Coleman and Benach (29) , who found that peritoneal macrophages from TLR2-deficient mice strongly upregulated the expression of the urokinase receptor in response to live spirochetes, whereas the response to lysed organisms was abrogated in mice lacking TLR2. Flagellin is unlikely to be the unidentified PAMP because live and heat-killed samples contain identical amounts of this protein. Moreover, TLR5, the receptor for flagellin, is well expressed in monocytes but is not known to be phagosome associated (25, 63, 112) . Since phagosomal recruitment of TLR2, TLR1, and TLR6 was reported (93, 119) , the ligands for TLRs that signal exclusively from within vesicular compartments have been identified as DNA (TLR9), double-stranded RNA (TLR3), and singlestranded RNA (TLR7/TLR8) (3, 25, 67) . Human monocytes do not express TLR3 or TLR9, but they do express TLR7 and TLR8 and respond well to TLR7/TLR8 agonists (15, 54, 63) . Cooperation between TLRs from different cellular compartments has been well documented (116) . We, therefore, propose TLR7/TLR8 and B. burgdorferi RNA as candidate TLRligand pairs that function cooperatively with TLR2/TLR1 for optimal TLR stimulation by phagocytosed B. burgdorferi. While TLR7 and TLR8 have generally been conceived of as mediating responses to viral RNAs, we know of no theoretical reason why they could not recognize RNAs derived from bacteria. Adding to the plausibility of this notion are findings that liposome transfection of monocyte-derived DCs with bacterial, but not eukaryotic, RNA strongly induced secretion of IL-12 (71) . Because endosomal TLRs are potent activators of type I IFN and related pathways (3, 76) , this proposed scenario for cooperative TLR signaling by live B. burgdorferi could explain why type I IFNs and type I IFN-responsive genes were strongly upregulated in joint tissues of B. burgdorferi-infected mice (32) . Recently, Kanneganti and colleagues (66) reported that bacterial RNA can activate caspase-1 through the cryopyrin/ NALP3 inflammasome (80) . RNA derived from phagocytosed B. burgdorferi could, therefore, serve a dual signaling function by contributing to the TLR-mediated priming that leads to the synthesis of pro-IL-1␤ and providing a TLR-independent stimulus for the activation of caspase-1 and secretion of IL-1␤, the second signaling pathway enhanced by phagocytosis of live spirochetes. How B. burgdorferi RNA could be delivered to the cytosol for binding to a Nod-like receptor remains an open question.
Apoptosis, the third signaling cascade induced by phagocytosed spirochetes, traditionally has been described as immunologically quiescent (45, 79) . In the context of monocytebacterium interactions, however, the distinction between apoptosis and immunity can be obscure because the two processes are often closely linked temporally and physiologically (33, 35) . Salmonella-and Shigella-induced cell death in murine macrophages, which has an absolute requirement for caspase-1, is the prototype for the convergence of cell death and proinflammatory signal transduction pathways following the internalization of a bacterial pathogen (61, 65, 86) . The high levels of IL-1␤ elicited in PBMCs incubated with live spirochetes might suggest that the similarly rapid demise of monocytes following the uptake of B. burgdorferi also was caspase-1 dependent. Three lines of evidence argue that the proinflammatory and apoptotic responses to B. burgdorferi are mediated by distinct signaling pathways. First, the atypical, rapid programmed cell death caused by infection with Salmonella and Shigella (61) results from the formation of a unique inflammasome containing Ipaf, whereas the NALP3/cryopyrin inflammasome, which is believed to function as a general sensor for cytosolic "danger signals," does not, as a matter of course, cause cellular demise (80, 84, 115) . Second, we found that apoptosis was essentially unaffected when PBMCs were incubated with heat-killed B. burgdorferi, while the output of cytokines was markedly diminished. Lastly, while T. pallidum is much more resistant to phagocytosis than B. burgdorferi because of its poorly antigenic outer membrane, it is internalized well and is strongly proinflammatory when it is incubated with PBMCs in the presence of the opsonic antibodies in human syphilitic serum (88) . In contrast to B. burgdorferi, phagocytosis of T. pallidum did not result in discernible monocyte apoptosis even when large numbers were ingested.
Most apoptotic responses are initiated either by ligand binding to a death receptor on the cell surface (the extrinsic pathway) or by intracellular stressors which result in the loss of integrity of the outer mitochondrial membrane and the release of apoptogenic molecules, such as cytochrome c, into the cytosol (the intrinsic pathway) (1, 97) . In recent years, a number of investigators have shown that phagocytosis of bacteria, including nonpathogens, can trigger intrinsic apoptotic pathways (4, 35, 57, 68, 70, 83, 91, 94, 117, 121) . These studies collectively provide an attractive working hypothesis for the observations reported here. The rapid kinetics of cellular demise during incubation with B. burgdorferi, coupled with the finding that apoptotic changes occurred predominantly in monocytes that had ingested LD spirochetes, are consistent with activation of the intrinsic pathway as the primary road to cell death. It is important to note, however, that this conjecture neither precludes a significant contribution from the extrinsic pathway, which can be stimulated by phagocytosis-mediated cell activation (12, 20) , nor requires that spirochete constituents serve directly as cytosolic death signals. Both reactive nitrogen and oxygen intermediates, which are generated in large amounts during phagocytosis as part of the monocyte's antimicrobial arsenal, have intracellular signaling functions (17, 41, 44) and have been associated with pathogen-induced phagocyte apoptosis (6, 8, 12, 16, 24, 35, 70, 74, 82, 117, 126) . The hypothesis that host-generated molecules either derived from or functionally linked to phagocytosis instigate the death response also provides an explanation for the disparate fates of monocytes following the ingestion of B. burgdorferi or of T. pallidum. This dichotomy could reflect the divergent origins of the B. burgdorferi and T. pallidum phagosomes, most notably the latter's requirement for uptake by opsonic antibodies and Fc receptor signaling, which could modulate the signals by which the organelle informs the cytosol about the nature of its cargo (2, 27, 96) .
Whether pathogen-induced apoptosis is harmful or beneficial to the host has been a considerable source of debate. Monocytes/macrophages are a major component of cellular infiltrates in B. burgdorferi-infected tissues (101) and are believed to be critical for clearance of spirochetes at the site of infection. Apoptosis of macrophages by ingested spirochetes could, therefore, be a parasitic suicide strategy for promoting survival and dissemination of bacteria that avoid uptake. On the other hand, apoptosis provides a means for the host to down-modulate the inflammatory response and limit the damage caused by proinflammatory bacterial constituents. B. burgdorferi is extremely susceptible to antibody-mediated killing (30 capacity to distinguish internalized viable bacteria from nonviable bacteria; induction of apoptosis would enable phagocytes to dispose of dead bacteria at the local site while minimizing collateral damage and further recruitment of inflammatory cells. Unlike monocytes, DCs, which also avidly ingest B. burgdorferi (88) , were resistant to spirochete-induced apoptosis. DCs are highly enriched in erythema migrans infiltrates (101) , where their resistance to apoptosis should help ensure their availability for generation of the adaptive response without which spirochetal clearance cannot occur (13, 103) . Ingestion by DCs of antigen-containing blebs shed from apoptotic macrophages appears to be a primary mechanism for cross-presentation of antigens from bacteria that remain confined to the phagosome (5, 104, 125) . This phenomenon could, therefore, explain the long-standing enigma of how LD spirochetes induce CD8 ϩ T cells (23, 38, 51, 64) . The finding that T. pallidum did not induce a comparable cell death response is intriguing and points to the hitherto unappreciated divergence in the strategies by which T. pallidum and B. burgdorferi engage the immune systems of infected humans. This difference may be one more example of the syphilis spirochete's remarkable degree of adaptation to its obligate human host as a stealth pathogen (95) .
